Mem. S.A.It. Vol. 75, 282 

©SAIt 2008 



Memorie deiia 




Uegli S9° 



New views on bar pattern speeds from the 

NUGA survey 

V. Casasola\ S. Garcia-Burillo^, F. Combes^, L. K. Hunt\ M. Krips'*, E. Schinnerer^, 
A. J. Baker^, F. Boone^ A. Eckart^ S. Leon^ R. Neri'' and L. J. Tacconi'° 

' INAF/IRA-FI, Largo Enrico Fermi 5, 50125 Firenze, Italy 

e-mail: casasola@arcetri . astro . it 
- Observatorio de Madrid, Alfonso XII, 3, 280I4-Madi-id, Spain 
^ Observatoire de Paris-LERMA, 61 Av. de I'Observatoire, 75014 Paris, France 
^ Harvard-Smithsonian CfA, 60 Garden Street, MS 78 Cambridge, MA 02138 
' MPIA, Konigstuhl 17, 69117 Heidelberg, Germany 

* Rutgers, the State University of NJ 136 Frelinghuysen Road Piscataway, NJ 08854-8019 
' I. Physikalisches Institut, Un. zu Koln, Ziilpicherstrasse 77, 50937 Koln, Germany 

IRAM, Avenida Divina Pastora 7, Nucleo Central, 18012 Granada, Spain 
' IRAM, 300 rue de la Piscine, 38406 St Martin dHeres Cedex, France 

MPE, Giessenbachstrasse I, 85741 Garching, Germany 



Abstract. We present a review on bar pattern speeds from preliminary results in the context 
of the Nuclei of Galaxies (NUGA) project. The large variety of molecular circumnuclear 
morphologies found in NUGA is a challenging result that implies the refinement of current 
dynamical models of galaxies. 
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1. Introduction 

Accretion of gas onto supermassive black 
holes (SMBHs) in galactic centers is the source 
of active galactic nuclei (AGN) activity. AGN 
must be fed with material coming from the 
disk of the host galaxy, far away from the in- 
fluence of the BH, and this implies that the 
gas supply should lose its angular momentum 
during the fueling process. Different mecha- 
nisms for removing the gas angular momen- 
tum have been proposed, processes which can 
be accomplished through non-asymmetric per- 
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turbations. Gravitational torques due to density 
waves (e.g. spirals, bars, and lopsidedness per- 
turbations) or galaxy-galaxy interactions (e.g. 
galaxy collisions, mergers, close encounters, 
and mass accretion) are capable of removing 
angular momentum of the rotating gas. The 
study of molecular gas, the predominant phase 
of the interstellar medium in the nuclei of spiral 
galaxies, is fundamental to investigate in detail 
how AGN activity is related to the molecular 
gas morphology and kinematics. The connec- 
tion between AGN and molecular gas is also 
complicated by the presence of different scales, 
both spatial and temporal. The AGN duty cy- 
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Fig. 1. '^CO(l-O) total intensity contours (in 
green) overlaid on the residuals (in MJy/sr) of the 
bulge-disk decomposition performed on the 3.6 yum 
SpitzerllRAC for NGC 2782 (.Hunt et al...2008.) . 



cle (~ 10^"^ years) should be shorter th an the 
lifetim e of the feeding mechanism (e.g. IWadal 
l2004l) . and at present the critical spatial scales 
for AGN feeding (<10-100pc) can only be 
achieved with mm-interferometers in nearby 
low-luminosity AGN (LLAGN). 

The NUclei of GAlaxies (NUGA) project, 
a large-scale international collaboration for a 
high-resolution (<1") and high-sensitivity car- 
bon monoxide (CO) survey made with the 
Plateau de Bure IRAM interferometer, has 
been initiated to better understand the mech- 
anisms for gas fueling of AGN. The sur- 
vey is based on a sample of 12 nearby 
LLAGN, which span the whole sequence of 
activity types (Seyferts, LINERs, and transi- 
tion objects). NUGA galaxies already analyzed 
show a "zoo" of molecular gas morpholo- 
gies which characterize the inner kpc of the 
galaxies. These morpholog ies include one and 
two armed in stabilities (IGarcia-BurUlo et aP 
I2003t iRrips et aL 20()5|). rin g s and nuclear 
spiral s dCombes et al J l2004t ICasasola et alj 
[2008"), and large-scale bars and two-arm spirals 
(Boone etal. 2007; Lindt-Krieg et al. 2008; 
iHunt et al.ll2008i:IGarcia-Burillo et al.ll2008l) . 

Here, we present the first results regarding 
bar pattern speeds obtained with a statistical 
review of NUGA galaxies already analyzed in 
detail. 
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Fig. 2. Rotation and derived frequency curves Q., 
n ± k/2 and Q.-k/4, and the empirical ones derived 
from our '^CO observations for NGC 2782. The ver- 
tical dashed lines indicate the nuclear bar length 
(~1 kpc) and the ILR of the outer oval (~ 1.3 kpc), 
close to CR o f the nuclear bar (~1.1 kpc). For de- 
tails see lHunt et al. (2008). 
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Fig. 3. The relative torque, dL/L, derived for 
NGC 2782 in '-CO(l-O) (upper panel) and '-C0(2- 
1) (bottom panel) using the potential obtained from 
the 3.6 jim Spitzer/IKAC image. 



2. NUGA analysis 

2.1. CO morphologies 

For each NUGA galaxy, we study the over- 
all distribution of the molecular gas in the 



284 Casasola: NUGA survey 

Table 1. NUGA galaxies studied in detail. 



Galaxy 


SB/GB/OD 


SR/GR* 


km s ' kpc ' 


Predicted resonances* 


NGC6574 


NSBr = 0.6kpc 
PSGBr = 1.6kpc 


Galaxies with inflow 

OGRr= 1.6 kpc 
IGRr^ 130 pc 


65 


UHRr= 1.6 kpc 
ilLRr = 30-900pc 
olLR r = 1 kpc 
CRr = 2.8 kpc 


NGC2782 


NSGB°«r= Ikpc 
PSB^^r = 2.5kpc 


IGRr = 300pc 
OGR r = 1 kpc 


270 
65 


ILRr = 200-500pc 
CRr= 1.1 kpc 
lLRr= 1.3 kpc 
UHRr = 3.6-3.8kpc 
CRr = 5kpc 


NGC3147 


PSB/ODr= 1 - 1.5 kpc 


IGRr = 2kpc 
OGRr = 4 kpc 


125 


UHRr = 2kpc 
CR r = 3kpc 


NGC4579 


NSB/OD''«r = 200pc 
PSB"" r = 6 kpc 


ISB r = 200 pc 
OGR r = 1 kpc 


270 
50 


UHRr = 200pc 
CR r = 1 kpc 
ilLR r = 500 pc 
olLR r = 1.3 kpc 
UHRr= 3.8kpc 
CRr = 6kpc 


NGC4826 


m = 1 fast trailing spiral waves 


Galaxies without inflow 


1500 


CRr = 0.1 kpc 
OLR r = 0.35 kpc 


NGC7217 


OD r = 3.7 kpc 


NSGRr= 0.8kpc 
ISRr = 2.2 kpc 

OSRr = 5.4kpc 


80 


ILR r = 1 kpc 
UHRr = 2.2kpc 
CRr = 3.7 kpc 
OLRr = 4-5kpc 


NGC4569 


PSGB/- = 3.3kpc 




60 


ILRr = 600pc 
CRr = 4kpc 



* These quantities are uncertain to roughly ±20%, 
Decoupled bars, 

ILR = Inner Lindblad Resonance, ilLR = inner ILR, oILR = outer ILR, 

OLR = Outer Lindblad Resonance, UHR = Ultra-Harmonic Resonance, 

SB = Stellar bar, GB = Gas bar, NSB = Nuclear stellar bar, NSGB = Nuclear stellar gas bar, 

ISB = Inner stellar bar, PSB = Primary stellar bar, PSGB = Primary stellar gas bar, 

SR = Stellar ring, NSGR = Nuclear stellar gas ring, ISR = Inner stellar ring, OSR = Outer stellar ring, 

GR = Gas ring, IGR = Inner gas ring, OGR = Outer gas ring, 

OD = Oval distortion, 

CR = corotation. 
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inner kpc, both in '^€0(1-0) and '^€0(2-1) 
emission. Figure [T| shows the CO morphology 
found for the st arburst/Seyfert 1 NGC2782 
dHunt et al.ll2008l) . The '^€0(1-0) emission is 
aligned with the nuclear stellar bar of radius 
~1 kpc. At the ends of the nuclear bar, the CO 
changes direction and traces diffuse asymmet- 
ric spiral arms extending to the north and south 
and aligned with an outer stellar oval reminis- 
cent of a weak primary bar. 

2.2. Gravity torques 

The NUGA analysis continues by interpreting 
the distribution and kinematics of the gas, case- 
by case, in terms of feeding mechanisms. To 
do this, we compute the gravitational torques 
by first using high-resolution optical and near- 
infrared images of the galaxies to derive grav- 
itational potential. We can then quantify the 
efficiency of the stellar potential to drain the 
gas angular momentum: negative torques mean 
that the gas is losing angular momentum and 
flowing into the central regions, while positive 
torques are driving the gas outwards. Figure [3] 
shows the relative torques, dL/L, derived for 
NGC2782 from the 3.6 //m Spitzer/IRAC im- 
age. Both '2cO(l-0) and "200(2-1) emission 
give a similar picture: the average torques are 
negative in the inner few kpc of NGC2782, 
down to the resolution limit of our images. 

2.3. Rotation curves 

The final step is to derive the rotation curve 
from our CO observations and to compare it 
with derived frequency curves. Figure|2]shows 
this comparison performed for NGC2782. 
In this figure, one can identify the nuclear 
bar with Qi~270kms"' kpc"' and corotation 
(CR) at ~ 1 . 1 kpc, and the primary bar with 
Qi~65kms ' kpc ' and an Inner Lindblad 
Resonance (ILR) at ~ 1.3 kpc, very close to the 
CR of the nuclear bar. 

3. Bar pattern speeds and 
resonances 

By analyzing the gravitational torques on 
the molecular gas, we found net inflow in 



four galaxies studied in detail so far, with 
particularly strong cases in NGC2782 and 
NGC4579. Table [T] summarizes the first re- 
sults obtained considering seven NUGA galax- 
ies. The common feature shared by NGC 2782 
and NGC 4579 is two decoupled bars with 
overlapping resonances: one bar is rapidly 
rotating (Q.i,~270kms~^ kpc'^) and the other 
rotates more slowly (Q.h~50-65kms^^ kpc^^). 
Such resonances and kinematic decoupling are 
fostered by a large central mass concentration 
(e.g. stellar bulge) and high gas fraction. 

4. Conclusions 

The analysis of the whole NUGA sample will 
provide a clearer picture on the distribution and 
kinematics of molecular gas in the nuclei of 
AGN and on the different mechanisms for gas 
fueling. NUGA also represents a pilot study 
for the investigation of fueling mechanisms at 
high redshift, which will be possible thanks to 
instruments of the immediate future, such as 
ALMA. 
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